Purpose To identify risk factors for visual field progression in glaucoma and to compare different statistical approaches with this risk factor analysis.
Introduction
Over the past few decades, a number of studies have contributed to elucidating the risk factors associated with or predictive for glaucoma progression. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] A good understanding of these risk factors is a prerequisite for estimating the risk of progression in individual patients. Knowledge of individual progression risks enables custom-made glaucoma care.
Elevated intraocular pressure (IOP) is an established risk factor for glaucoma progression. Several other risk factors for progression have been identified with conflicting results. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] These conflicting results might be attributed to variability in (1) the study design, (2) the study population, (3) the statistical approach applied, and (4) the outcome measure (progression definition) used.
The aim of this study was to identify risk factors associated with visual field progression in glaucoma and to determine the influence of the statistical approach applied. For this purpose, we compared different statistical approaches in a single dataset, using a single outcome measure. The statistical approaches were adopted from the Advanced Glaucoma Intervention Study (AGIS), 10 the Early Manifest Glaucoma Trial (EMGT), 6 and the Canadian Glaucoma Study (CGS). 1 The selected progression definition (outcome measure) was the Nonparametric Progression Analysis (NPA). 15 The dataset was the cohort of the Groningen Longitudinal Glaucoma Study (GLGS). 15, 16 Methods
Study Population
This study was performed within the GLGS, a prospective cohort study performed in a clinical setting. The objectives, methods, rationale, and study design have been described earlier. 15, 16 In short, all 875 patients with glaucoma and glaucoma suspects who visited our glaucoma outpatient service between July 1, 2000 and Out of the original 875 patients with glaucoma and glaucoma suspects, 452 were classified as having glaucoma. Of the 452 patients with glaucoma, the disease in 372 of them was classified using standard automated perimetry [Humphrey Field Analyzer (HFA); Carl Zeiss Meditec Inc., Dublin, CA]. The Goldmann perimeter (Haag Streit AG, Bern, Switzerland) was used in 80 patients, who were excluded from this analysis. Of the 372 patients classified using the HFA (for criteria see below), 221 patients who had undergone a follow-up period as measured from the last baseline test of at least 3 years and who had at least 4 reliable visual fields were included in this study.
Perimetry
Perimetry was performed using the HFA 30-2 Swedish interactive threshold algorithm fast strategy. An abnormal test result was defined as any one of the following: (1) a glaucoma hemifield test result outside normal limits; (2) a pattern standard deviation with P<0.05; or (3) 3 adjacent nonedge points with P<0.05 in the pattern deviation probability plot, with at least 1 point reaching P<0.01 and with all points being on the same side of the horizontal meridian (low tension glaucoma study criterion using pattern deviation probabilities). 17 A test result was considered unreliable if false-positive classifications exceeded 10% or if both false-negative classifications and fixation losses exceeded 10% and 20%, respectively. For glaucoma at baseline, 2 consecutive reliable test results had to be abnormal in at least 1 eye. Defects had to be in the same hemifield, and at least 1 depressed test point of these defects had to have exactly the same location on both fields. Moreover, the defects had to be compatible with glaucoma and without any other explanation. The first test result was discarded because of a learning effect. Therefore, at least 3 tests had to be performed at baseline before glaucoma could be diagnosed. During the follow-up period, perimetry was performed at a frequency of 1 test per year. In case of suspected progression or unreliable test results, clinicians were allowed to increase the frequency of testing. This was a subjective decision; no formal tools or rules were used.
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Progression Detection
The method used to identify progression was the NPA. 15 In this method, reliable follow-up test results are compared with 2 reliable baseline test results. NPA is based on a nonparametric ranking 18 of mean deviation (MD) values. The MD values of the follow-up fields are compared with the worse MD value of the 2 baseline fields. If the MD of a follow-up field is better than or equal to the MD of the worse baseline field, the field is considered stable. If the MD of a follow-up field is worse than the MD of the worse baseline field, the change is considered outside the normal variation (that is, suspected progression). Possible progression is diagnosed if this change is confirmed once (deterioration in 2 consecutive fields) and likely progression if confirmed more than once (deterioration in 3 or more consecutive fields). After a reading of suspected, possible, or likely progression, MD readings better than the worse baseline MD are disallowed; in this case, the patient's condition is considered stable. 15 In this way, we circumvented the fact that normally the specificity of event-based progression detection algorithms decreases with increasing numbers of follow-up fields. In NPA, the 2 baseline fields divide the MD probability space of a patient into 3 equal parts. Hence, if the eye is truly stable with no change in MD over time, the probability that the final field has an MD lower than that of both baseline fields is one third. Therefore, the specificity of suspected progression in NPA is 0.67. Similarly, the specificities of possible progression (MD of the last 2 fields lower than that of both baseline fields) and likely progression (MD of the last 3 fields lower than that of both baseline fields) are 0.83 and 0.90, respectively. 18 
Risk Factors for Progression
The possible risk factors for progression as documented in the GLGS from the very beginning were age, sex, myopia, cardiovascular disease, family history of glaucoma, pretreatment IOP, IOP at baseline, mean IOP during follow-up, IOP fluctuation (standard deviation during follow-up), and HFA, FDT, and GDx test results. All risk factors were recorded at baseline, except for the mean IOP and IOP fluctuation during follow-up. The pretreatment IOP was defined as the highest IOP ever measured before the study, before any treatment was started. Myopia was defined as a spherical equivalent of -4 D or more of myopia in at least 1 eye.
Cardiovascular disease was defined in terms of whether cardiovascular medication was used or not. Family history of glaucoma was considered to be positive if the participants reported a history of glaucoma in their parents, siblings, or offspring. All IOP measurements were performed with Goldmann applanation tonometry (Haag Streit AG, Bern, Switzerland). FDT at baseline was performed using the C-20 fullthreshold mode. The HFA and FDT variable used was the MD, dichotomized as better or worse than the median value in the study population, being −6 dB for both devices. The GDx variable used was "The Number." 16 New patients were scored as "untreated on inclusion" if treatment started after inclusion. This variable corrects for a possible bias resulting from the fact that some patients had not yet been treated at the time of inclusion.
Statistical Analysis
Only 1 eye per patient was included. If a patient met the criteria with both eyes, a randomly chosen eye was included. Visual field progression was defined as having at least a possible progression at the end of the follow-up. Three different statistical approaches for risk factor analysis were applied, taken from 3 different glaucoma studies: AGIS, 10 EMGT, 6 and CGS. 1 In the AGIS, 10 associations between progression and various potential risk factors were assessed using multivariate logistic regression. Those factors that were associated with progression in univariate analyses (χ2 test, unpaired t test, or Wilcoxon rank sum test, depending on the type of data) at a P value of 0.20 or less were included in the final model. Furthermore, those clinically relevant variables such as age and sex that might potentially predict or confound the detection of progression were included. No selection other than univariate preselection was applied in the AGIS. In addition to this approach, we also added interaction terms and applied a stepwise variable selection.
In the statistical approach of the EMGT, 6 Cox proportional hazard models with Breslow adjustment for ties in time to progression were used to evaluate the constancy of the hazard ratio (HR) throughout the follow-up time period. Univariate analyses of the risk factors for progression were explored using χ2 tests for categorical variables and t tests for continuous variables. Variable selection was carried out in 2 steps. First, all variables significant in the univariate analyses at a P value of 0.20 or less were included in the model. Second, a stepwise variable selection algorithm was used to assess the best statistical fit. Furthermore, separate models were used to explore and to identify those baseline and follow-up factors significantly associated with glaucoma progression.
In the statistical approach derived from the CGS, 1 risk factors for progression were first explored using Kaplan-Meier survival analyses with the log-rank test for the univariate analyses. As selection of variables in the final model was based solely on a stepwise procedure and not on the results of univariate analyses, we did not report the results of these univariate analyses. As in the CGS, IOP was the only time-dependent variable in our study and therefore was analyzed as a covariate in the multivariate analysis. Variables were entered into a Cox Proportional hazards model in a forward stepwise analysis if their P value was 0.10 or less and if the hazards were judged to be proportional when examining the negative log plots of the survivor functions. Interaction terms were explored and included in the model if the partial likelihood ratio test indicated a better model fit.
To assess the effect that the possible risk factors for glaucoma progression may have on the rate of progression (the MD slope, ie, the time derivative of MD), we performed a multiple linear regression analysis with rate of progression as the dependent variable and with the factors that were found to be significantly associated with progression in the analyses described above as independent variables.
All statistical analyses were performed using SAS 9.1.3 (SAS Institute Inc., Cary, NC), except for the statistical approach used from the AGIS where PASW Statistics 17.0.2 (SPSS, Inc., Chicago, IL) was used. Variables with a P value of 0.05 or less were considered statistically significant, unless otherwise stated.
Results Table 3 .1 shows the study population characteristics at baseline and during followup. The average follow-up duration (as measured from the last baseline field) was 5.3 years; on average 5.1 reliable follow-up fields were available (7.1 fields including baseline). The average MD at baseline was −9.4 dB; the average MD slope was −0.25 dB/y. According to the NPA algorithm, 89 of the 221 patients showed at least possible progression. 
Discussion
IOP, baseline damage (as assessed with HFA or FDT), and age were found to be robust independent risk factors for glaucoma progression. The IOP variable that was significant depended on the statistical approach applied.
IOP
Four IOP variables were included in our analyses. In all the analyses (except for the AGIS approach without stepwise selection), at least one of these variables was found to be a risk factor for glaucoma. This is not an unexpected finding, as IOP is a well-known risk factor for progression, 1, 5, 6, 9, 12, 13 although there are reports that have failed to show such a relationship in normal tension glaucoma. 2, 3 In our population, every mmHg increase in baseline or mean IOP increased the progression risk by 7% or 16%, respectively. This finding corroborates the increase of 12% per mmHg increase in average IOP during follow-up as reported in the EMGT 6 and the larger increase of 19% per mmHg increase in mean follow-up IOP as reported in the CGS. 1 Our findings further buttress the importance of controlling the IOP of patients with glaucoma.
Using the AGIS statistical approach, none of the IOP variables were significant risk factors for progression, with IOP fluctuation closest to significance (P=0.091). After the additional stepwise variable selection, however, mean IOP during follow-up was a highly significant predictor of progression (P=0.003). If the analyses were repeated after excluding mean IOP during follow-up and after including either baseline IOP or IOP fluctuation, the included IOP variable reached significance. It is interesting to note that, the same phenomenon appeared both in the original AGIS analyses 10 and in a recent study in which IOP fluctuation was defined by the IOP range during follow-up. 8 These results would suggest that IOP fluctuation and either baseline IOP or average IOP during follow-up are not unrelated. In our study, IOP fluctuation was positively correlated with both the baseline IOP (r=0.40; P<0.001) and the mean IOP during follow-up (r=0.37; P<0.001). On account of the linear dependency among these variables, simultaneous inclusion in a model may lead to unstable coefficients of effect estimates. To rule out the possibility of collinearity, we carried out multicollinearity diagnostic statistics produced by linear regression analysis using Procedure Regression (PROC REG) with options variance inflation factor and tolerance in SAS. 19 None of the variance inflation factors was larger than 2.5 suggesting that there was no formal need to drop any IOP variable from the AGIS multivariate model as shown in Table 3. 3. In addition, interaction terms were explored, but were found to be insignificant.
Baseline Disease Stage
Three methods of testing baseline disease stage were analyzed for their ability to predict glaucoma progression (HFA, FDT, and GDx test results). We found HFA or FDT test results to be a significant risk factor for progression, but none of the final models showed FDT and HFA test results as both being significant risk factors in the same model. This is a plausible finding as FDT and HFA both measure functional visual field loss and, as to be expected, their scores were highly correlated (r=0.60; P<0.001). As multicollinearity diagnostic statistics learned that none of the variance inflation factors was larger than 2.5 (see above), both variables could be analyzed in the same model.
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An increased risk along with an increasing glaucoma stage was also reported in other studies. 5, [7] [8] [9] The EMGT reported an HR of 1.55, 5 although in a later report the increase was not significant (HR 1.38, P=0.051). 6 In the CGS, using univariate analysis it seemed that a better baseline visual field was related to progression, but, in a multivariate regression analysis, this factor did not show significance. 1 The AGIS visual field score in the AGIS analyses showed no relationship with glaucoma progression. 10 It should be noted that the exclusion criteria in the AGIS, EMGT, and CGS were based, among other things, on visual field score, resulting in a narrowing of the baseline disease-stage range. In our study, with a mean (SD; 95% central range) baseline MD of −9.4 dB (7.6 dB; 95% confidence interval, −0.3 to −28.2 dB), such an exclusion criterion was not applied.
Variable "The Number" from the baseline GDx was not found to be a significant risk factor for progression. This variable remained insignificant, even if HFA and FDT were excluded from the analyses. Some previous studies have shown that a smaller neuroretinal rim or an enlarged cup-to-disk ratio predicts progression, 4, 7, 12, 14, 20 although not all studies have reported this association. 11 Finally, the assessment of disease stage as a risk factor requires a careful consideration of the sensitivity and specificity of the outcome measure as a function of disease stage, especially because the MD variability increases with disease stage. The specificity of the outcome measure used in this study, NPA, is independent of the variability, whereas the sensitivity decreases with variability. 18 Despite this decreasing sensitivity with increasing variability (ie, with disease stage), we found disease stage to be an independent risk factor, suggesting that it is a robust finding. Hence, (perimetric) disease stage should be seen as a factor that requires careful consideration when making therapeutic decisions.
Other Factors
Although many variables such as age, sex, myopia, family history of glaucoma, and the history of cardiovascular disease were explored, age was, in addition to IOP and disease stage, the only factor in our population that predicted progression in more than 1 analysis. For every yearly increment in age, the risk of progression increased by 3%. Several other investigators have reported a similar relationship between age and the progression of glaucoma, 1,5-8,10-12 whereas other studies were unable to confirm this association. 2, 3, 9, 13, 14 Family history and myopia seem to be associated with glaucoma [21] [22] [23] [24] [25] but not with its progression. 1, 3, 5, 11 Sex was a significant factor for progression in a minority of studies and this varied in terms of whether men 11 or women 1,3 had a greater risk. A history of cardiovascular disease 1,5,10 would not seem to be an independent predictor of glaucoma progression.
Statistical Methodology
The various statistical approaches used constitute a major setback when comparing different risk factor analysis studies. To explore the influence of the statistical technique used on the results of risk factor analysis, we compared the statistical approaches used by the AGIS, the EMGT, and the CGS in a single dataset and with a single outcome measure. In the CGS, a preselection was not performed and the CGS approach was more conservative in its use of a P value of 0.10 as the selection criterion for the stepwise selection procedure, whereas EMGT and AGIS used a P value of 0.20 in the univariate preselection. The CGS and EMGT used Cox regression in contrast to the logistic regression used by AGIS. The mathematical algorithms used by these 2 models also differ. It is interesting to note that, the answer to the ongoing discussion 26 of whether it is IOP fluctuation or another IOP variable that is the primary harmful factor in glaucoma progression depends, at least in our dataset, solely on the statistical approach used and on which IOP variables were also analyzed in the same model. This underlines the importance of (1) a sound statistical design before the onset of the analyses to prevent "searching" for significance, (2) reticence in generalizing risk factors found, and (3) caution in the implementation of risk factors found in other reports. The significance of risk factors should always be seen in the light of previous (and later) reports. The risk factors found in our study are in agreement with the results of many other studies and this would tend to support the idea that they are indeed significant risk factors for glaucoma progression.
We compared the statistical approaches of AGIS, EMGT, and CGS, but not their outcome measures. The outcome measures used in these 3 studies were the AGIS scoring system in AGIS, 27 the Glaucoma Progression Analysis (GPA) in the EMGT, 28 and the Glaucoma Chance Probability in the CGS. 29 The use of a single outcome measure enabled a more direct comparison of the statistical approaches.
Moreover, the AGIS scoring system is not readily available and the Glaucoma Chance Probability cannot be run on Swedish interactive threshold algorithm test Risk Factors for Visual Field Progression | 53 results. We compared NPA and GPA in an earlier study. 15 NPA had a fairly good agreement with GPA in early glaucoma, whereas NPA was more sensitive than GPA in patients with advanced glaucoma. The latter finding can be explained by the fact that GPA uses pattern deviation analysis. This makes the use of NPA more appropriate in our dataset with many patients with advanced disease. We repeated the risk factor analyses with outcome measure GPA. Similar associations were found but, as to be expected, the associations were less profound and did not reach significance in some analyses.
Because of the finite number of visual field tests in our observational study, some cases with progression may have been misclassified as stable because confirmation
was not yet performed at the end of the study. Similarly, some stable cases may have been erroneously classified as cases with progression because falsification after possible or likely progression was not yet performed. The misclassified cases could have resulted in conservative risk estimates. An inherent property of all event-based progression detection algorithms is that the specificity decreases with an increasing number of tests. We circumvented this limitation by disallowing MD readings better than the worse baseline MD after a reading of suspected, possible, or likely progression (see Methods section, progression detection subsection). The number of visual fields differed slightly between cases and controls (Table 3 .1) and this might have influenced our results. We explored this issue by repeating all analyses with the number of visual fields added as a covariate. No significant changes were found. As mentioned in the Methods section, the GLGS is an observational study. Hence, as in all observational studies, some confounding by indication cannot be excluded.
In conclusion, IOP, disease stage, and age seem to be significant independent risk factors for visual field progression in glaucoma. The results from risk-factor analyses may depend on the statistical approach applied.
